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Abstract
5′-isomiRs expand the repertoire of miRNA targets. However, how they are
generated is not well understood. Previously, we showed that for some miRNAs in
mammalian cells, Drosha cleaves at multiple sites to generate multiple pre-
miRNAs that give rise to multiple 5′-isomiRs. Here, we showed that for some other
miRNAs, 5′-isomiRs are generated by alternative Dicer processing. In addition, we
showed that in miR-203, alternative Dicer processing is regulated by a conserved
sliding-bulge structure at the Dicer processing site, which allows the pre-miRNA
molecule to fold into two different structures that are processed differently by
Dicer. So far no RNA motif that slides to change conformation and alter a
protein–RNA interaction has been reported. Thus, our study revealed a novel RNA
motif that regulates 5′-isomiR generation in some miRNAs. It might also
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contribute to regulating protein–RNA interactions in other biological processes,
since it takes only one point mutation to generate the sliding bulge, and there are a
large number of different RNAs in the cell.
Keywords: Biological sciences, Genetics, Cell biology
1. Introduction
miRNA genes are transcribed as long primary miRNAs (pri-miRNAs), which are
processed by the Drosha–DGCR8 complex into pre-miRNAs, which are, in turn,
processed by Dicer into mature miRNA duplexes. One or both strands of the
duplexes are selected by Ago proteins to become mature miRNAs (Ha and Kim,
2014). Since the discovery of miRNAs, it has been observed that the ends of the
mature miRNAs are not fixed but subject to variation (Lau et al., 2001). We and
others have previously described the variation pattern at miRNA ends. For most
miRNAs, the 5′ ends are homogeneous, while the 3′ ends are highly
heterogeneous. However, for some miRNAs, the 5′ ends are also highly
heterogeneous (Ruby et al., 2007; Wu et al., 2007). These miRNAs with 5′-end
variations have been called “5′-isomiRs”, which are of particular interest because
their 5′ seed sequences (ranging from positions 2–7 (Lewis et al., 2005)) are
changed, which affects target specificity. In fact, multiple studies have shown
recently that 5′ isomiRs appears to be a common mechanism that expands the pool
of target genes regulated by miRNAs (Fukunaga et al., 2012; Humphreys et al.,
2012; Llorens et al., 2013; Manzano et al., 2015; Tan et al., 2014).
An increasing number of 5′-isomiRs have been discovered recently (Gottwein
et al., 2011; Humphreys et al., 2012; Llorens et al., 2013; Morin et al., 2008; Ruby
et al., 2007; Seitz et al., 2008; Tan et al., 2014; Wu et al., 2007; Wu et al., 2009).
However, how 5′-isomiRs are generated is not well understood. It is intriguing that
they occur only in some miRNAs, while most miRNAs have highly homogeneous
5′ ends. It has been suspected that Drosha/Dicer cleavage is generally imprecise
and thereby generates the heterogeneity of miRNA ends. However, downstream
constraints, such as Ago protein loading, may limit selection of isomiRs,
accounting for the homogeneous 5′ ends of most miRNAs (Seitz et al., 2008).
We previously showed that, in most cases, Drosha cleavage is precise in generating
one pre-miRNA that gives rise to miRNAs with homogeneous 5′ ends, however,
for some miRNAs, Drosha cleaves at multiple sites to generate multiple pre-
miRNAs that give rise to multiple 5′-isomiRs (Ma et al., 2013; Wu et al., 2009).
Recently, Fukunaga et al. reported another mechanism in Drosophila in which
binding of Dicer partner proteins, Loqs-PB, changes Dicer cleavage of miR-307a
to generate 5′-isomiRs (Fukunaga et al., 2012). The mammalian Dicer partner
TRBP, a Loqs-PB homolog, has also been reported to regulate Dicer processing of
pre-miRNAs both in vitro (Lee et al., 2013) and in vivo (Kim et al., 2014; Wilson
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et al., 2015). It was also reported that nucleotide sequences at the Dicer cleavage
site contribute to cleavage site selection by Dicer in vitro (Starega-Roslan et al.,
2015). Here we showed that some miRNAs in mammals can be alternatively
processed by Dicer to generate 5′-isomiRs in mammalian cells in vivo. In addition,
we showed that a sliding-bulge structure can cause alternative Dicer processing to
generate 5′-isomiRs, suggesting that the secondary structure of miRNAs is an
alternative mechanism for generating these molecules.
2. Results
2.1. Alternative Dicer processing is a common mechanism for
generating 5′-isomiRs
5′-isomiRs are commonly observed in the small RNA deep-sequencing data in
publicly available databases and are also found in our own data. To understand
how these molecules are generated, we selected miRNAs that showed heteroge-
neous 5′ ends according to miRBase and also our own deep-sequencing data. To
determine how these isomers are generated, we cloned these pri-miRNAs in the
pLL3.7 vector and transfected the constructs into 293FT cells. To avoid
interference from endogenous miRNAs, we chose miRNAs that are not expressed
or are poorly expressed in 293FT cells. The small RNAs from transfected 293 FT
cells were cloned and sequenced to investigate the processing of these miRNAs by
Drosha and Dicer.
We first characterized the Drosha cleavage sites in these miRNAs. While the 5′ end
of a mature miRNA generated from the 5′ arm of the pre-miRNA (5p-miRNA)
reliably indicates a Drosha cleavage site, some cleavage sites cannot be predicted
by the 5′ end of the mature miRNAs, because after Drosha cleavage, (1) the pre-
miRNAs might be degraded quickly or not be transported efficiently to the cytosol
to be processed into the miRNA duplex or (2) one or both strands of the miRNA
duplex may not be loaded efficiently into Ago proteins and, as a result, are
degraded quickly. On the other hand, we have previously shown that miRNA offset
RNAs (moRs), especially 5′-moRs, can be used to determine the Drosha cleavage
site more reliably than the 5′ end of 5p-miRNAs (Ma et al., 2013). Thus, we
mainly used 5′-moR sequences to determine Drosha cleavage sites.
Analysis of the moR sequences for miR-136, miR-383, and miR-411 suggested
that Drosha cleaves at multiple sites, which leads to multiple pre-miRNAs
generated from a single pri-miRNA (Fig. 1A, Table S1, Dataset S1 and S2). To
confirm these results, we performed northern blotting. Fig. 1B shows that two
distinct bands were observed for pre-miR-383 and pre-miR-411, indicating that
Drosha cleaves at two sites and generates two different pre-miRNAs. However, for
miR-136, although moR sequences indicated that Drosha cleaves at two sites to a
similar degree (Fig. 1A and Table S1), only one band was visualized using a short-
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Fig. 1. 5′-isomiRs can be generated by alternative Drosha or Dicer processing. (A) The indicated pri-
miRNAs were transfected into 293FT cells and the small RNAs cloned to determine the Drosha or
Dicer cleavage sites. Mature miRNA sequences are highlighted in red. Representative reads of cloned
small RNAs are found in Table S1. Red arrows indicate the Drosha cleavage sites and black arrows
indicate the Dicer cleavage sites. Drosha cleavage sites were determined according to the moR
sequences, while Dicer cleavage sites were determined according to the 5′ end of the mature miRNAs
generated from the 3′ arm of the pre-miRNA. Therefore, only half of the Dicer cleavage sites are shown.
The length of the arrows represents roughly the frequency of moRs for Drosha and the mature miRNA
generated from the 3′ arm of the pre-miRNA for Dicer. (B) Northern blot analysis of the indicated pre-
miRNAs in transfected cells. The numbers below the gel panels indicate the size of pre-miRNA
predicted according to the moR sequences. (C) Long-exposure autoradiogram for pre-miR-136 northern
blot. Please see Figs. 1S–5S in the Supplementary Material for full blot images.
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exposure autoradiogram (Fig. 1B), and a faint band at around 4 nt above the main
pre-miRNA band was visualized using a long exposure (Fig. 1C). The lower level
of the larger pre-miRNA shown by northern blot suggests that the larger pre-
miRNA is degraded quickly. Consistent with this hypothesis, a mature miRNA
corresponding to this pre-miRNA was cloned at a frequency of only 0.6% of total
miR-136-5p reads (Dataset S2). And therefore, in light of 5′-moR sequences, pri-
miR-136 was likely alternatively processed by Drosha. Thus, the 5′-isomiRs of
miR-136, as well as of miR-383 and 411, were likely generated by alternative
Drosha processing.
By contrast, for miR-140, 203, 323, 363, and 409, Drosha cleaves at only one site,
according to their moR sequences, to generate only one pre-miRNA (Fig. 1A and
Table S1), which was also confirmed by northern analysis (Fig. 1B). Thus, the 5′-
isomiRs observed in these miRNAs appear to be the result of alternative Dicer
processing, suggesting that it might be a common mechanism for generating 5′-
isomiRs.
2.2. The mismatches in the miRNA duplex are not responsible
for the alternative Dicer processing of miR-203
To determine why alternative Dicer processing occurred in these miRNAs, we
chose miR-203 as a model miRNA to investigate the underlying mechanism. There
are two mismatches in the pre-miR-203 stem, which might affect the stem length of
the pre-miRNA and therefore change Dicer cleavage site selection, since Dicer acts
as a molecular ruler that measures the stem length and cleaves ∼22 nt from the end
generated by Drosha cleavage (Macrae et al., 2006). To test this hypothesis, we
introduced mutations to remove the mismatches, as shown in Fig. 2A. The moR
sequences suggested that the Drosha processing site was not affected (Table S1),
which was confirmed by cloning the pre-miRNAs (Table S1 and Dataset S3).
Removing mismatches did not change the overall isomiR pattern of miR-203,
according to the mature miR-203 sequences. Two dominant isomiRs were
generated in all mutants, although the ratio of 21-nt/22-nt isomiRs was slightly
changed (Fig. 2A and Table S1). Northern blot results also showed that the mature
miR-203 has two bands at 21 and 22 nts. In contrast to the small RNA cloning
results, in which two forms of mature miR-203 were almost same, the intensity of
the 21-nt band is less than the 22-nt band; however, this pattern appears to be
similar between mutant and wild type miR-203 (Fig. 2B). Thus, the mismatches in
the miRNA duplex are unlikely to have caused the alternative Dicer processing
observed in miR-203.
The inconsistency in which 22-nt bands were more frequent in northern blots than
in the small-RNA cloning data can be explained partially by the fact that the 21-nt
isomiR-203 (UGAAAUGUUUAGGACC ACUAG) tended to be modified with an
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Fig. 2. A single-nucleotide bulge at the Dicer processing site regulates alternative Dicer processing of
miR-203. (A) Dicer cleavage sites determined by mature miR-203 ends. Mismatches in the duplex were
mutated, and the mutated nucleotides are highlighted in green. Dicer processing sites were determined
as in Fig. 1A. Dicer cleavage sites are indicated with color-coded arrows corresponding to bars
indicating the proportion of each isomiR (n = 3). Representative reads of cloned small RNAs are found
in Table S1. (B) Northern blot to visualize the intermediate processing products of the indicated
mutants. The number below the image is the 22-nt/21-nt ratio. (C) Various mutations introduced to
change the bulge at the Dicer processing site. Dicer cleavage sites were determined by cloned reads of
mature miR-203 ends (see Table S1). Deletions are highlighted in gray, while mutations are highlighted
in green. Dicer processing sites were determined as in Fig. 1A. (D) Northern blot to visualize the
intermediate processing products of the indicated mutants. (E) Introducing mutations in guide strand
also eliminates alternative Dicer processing. A nucleotide was introduced into guide strand to create a
matched (miR-203 m_AU) or mismatched (miR-203 mm_AC) pair. Dicer processing sites were
determined as in Fig. 1A. Please see Figs. 6S–7S in the Supplementary Material for full blot images.
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additional U more often than the 22-nt isomiR (GUGAAAUGUUUAGGACCA-
CUAG) (Table S2 and Dataset S1). The 21-nt isomiR with an additional U has a
length of 22 nt, which would appear as a 22-nt isomiR in a northern blot. Thus,
small-RNA cloning followed by deep sequencing is a more reliable way to
determine Drosha/Dicer processing sites in vivo than northern blot.
2.3. The single-nucleotide bulge at the Dicer processing site
regulates alternative Dicer processing of miR-203
There is a single-nucleotide bulge at the Dicer processing site of pre-miR-203. We
suspected that the bulge caused the alternative Dicer processing, so we introduced
different mutations to remove the bulge (Fig. 2C). As expected, after removing the
bulge, Dicer cleaved predominantly at one site and generated one predominant
mature miR-203 (Fig. 2C, D). Interestingly, removing the bulge by deleting the
bulge nucleotide (miR-203 ΔA) or deleting a neighboring nucleotide to make a
mismatch (miR-203 ΔC) caused Dicer to cut predominantly at different sites
(Fig. 2C, D). A similar effect was observed when the bulge size was increased to 2
or 3 nt (miR-203C→G, A3→C, or CA→GC mutants, Fig. 2C, D), suggesting that
the single-nucleotide bulge regulates the alternative Dicer processing.
It is noteworthy that mutants miR-203 A3→C and CA→GC have much less mature
miRNA product according to both northern blot (Fig. 2D) and small RNA cloning
results (Table S1), suggesting that structures around the Dicer processing site can
significantly affect mature miRNA production.
So far, we have made all the mutants by modifying the passenger strand while
leaving the guide strand intact. To test whether changing the bulge to a match or a
mismatch by modifying the guide strand would eliminate alternative Dicer
processing as well, we made mutants as shown Fig. 2E. In both cases, only one
predominant mature miRNA was generated (Fig. 2E and Table S1), suggesting that
the bulge is indeed important for alternative Dicer processing.
2.4. The conserved, flexible, single-nucleotide bulge regulates
Dicer processing
Next, we investigated the pre-miR-203s from different species and found that the
single-bulge structure is highly conserved—all of the species examined that
express miR-203 have the same bulge plus a 5-bp extension into the terminal loop
(Fig. 3A), suggesting that this structure is important. Interestingly, it appears that
two neighboring A residues at the bulge site compete for pairing with the same U
to form two different structures. When A1 pairs with U, the pre-miR-203 forms the
pre-miR-203-1 structure, and when A2 pairs with U, it converts the molecule to the
pre-mir-203-2 structure (Fig. 3B). The single-nucleotide bulge can therefore slide
one nucleotide to form two different structures. We suspected that this conserved
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sliding bulge at the Dicer processing site causes Dicer to cleave at different sites,
because it can slide one nucleotide to change the pre-miR-203 structures at the
Dicer processing site. To test this hypothesis, we introduced mutations to make the
sliding bulge fixed in place to yield either structure 1 (miR-203 A1→C mutant) or
structure 2 (miR-203 A2→U mutant), as shown in Fig. 3C. Exactly as predicted,
Dicer cleaved predominantly at site 1 for the miR-203 A1→C mutant and at site 2
for the miR-203 A2→U mutant, judging from the small RNA reads (Fig. 3C and
Table S1). Northern blotting results were consistent with the small RNA cloning
results (Fig. 3D). Thus, the alternative Dicer processing in miR-203 is regulated by
the sliding bulge, which generates two different pre-miRNA structures, depending
on which A was chosen to pair with the U.
[(Fig._3)TD$FIG]
Fig. 3. A sliding-bulge structure caused alternative Dicer processing in miR-203. (A) The sliding-bulge
structure is conserved across species. The box indicates the sliding bulge with the extended duplex that
helps to maintain the bulge structure. (B) pre-miR-203 can have two different structures, depending on
which A (at positions 1 or 2) pairs with the U nucleotide. The box indicates the sliding-bulge structure.
(C) Dicer cleavage sites in miR-203 mutants with a fixed bulge. The A at position 1 was mutated to C so
that the miR-203 A1→C mutant had the fixed bulge of structure 1, while the A at position 2 was
mutated to U so that the miR-203 A2→U mutant had the fixed bulge of structure 2, as shown in (B).
Dicer processing sites were determined as in Fig. 1A. (D) Northern blot to visualize the mature miR-203
derived from the indicated mutants. Please see Fig. 8S in the Supplementary Material for full blot
images.
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2.5. The sliding bulge is a general mechanism for regulating
Dicer processing
To investigate whether the sliding bulge is a general mechanism regulating
alternative Dicer processing, we introduced a sliding bulge into miR-302a, which
doesn't have such a structure originally. We inserted either a C to create a fixed
bulge (miR-302a + C) or a G to create a sliding bulge (miR-302a + G), in which
the inserted G competes with the neighboring G for pairing to the U (Fig. 4A). The
mutant with the artificial sliding bulge (miR-302a + G) generates two isomiRs that
[(Fig._4)TD$FIG]
Fig. 4. The sliding bulge is a general mechanism for regulating Dicer processing. (A) Introducing a
sliding bulge causes alternative Dicer processing in miR-302a. A fixed bulge was created for miR-302a
+ C by inserting a C, while a sliding bulge was created for miR-302a + G by inserting a G, which
competes with the neighboring G for the same U and therefore, can slide one nucleotide. Dicer
processing sites were determined as in Fig. 1A. (B) Northern blot to visualize the products of pre-miR-
302a mutants. (C) pre-miR-506 has a similar sliding structure, as observed in miR-203, in which two As
at positions 1 and 2 compete for pairing with U. The box indicates the sliding-bulge structure. The Dicer
cleavage sites were determined by mature miR-506 sequences, and the Drosha processing site was
determined by moR sequences. The reads of mature miR-506 and moRs are found in Table S1. (D)
Dicer cleavage sites in miR-506 mutants with a fixed bulge. Dicer processing sites were determined as
in Fig. 1A. (E) Northern blot to visualize the mature miR-506 of the indicated mutants. Please see
Fig. 9S-10S in the Supplementary Material for full blot images.
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are different from those generated by the wild type miR-302a or the mutant with
the fixed bulge, which generates only one predominant mature miRNA (Fig. 4A,
B). The insertion of a bulge appeared to affect the accuracy of Drosha processing in
both mutants similarly (Table S1). However, it should not interfere with the
interpretation of Dicer processing data, since both sliding or fixed bulges affect
Drosha processing similarly in this case (Table S1). Therefore, the artificial sliding
bulge indeed caused alternative Dicer processing.
Thus, it is extremely easy to generate the sliding bulge structure, as a single point
mutation is sufficient. We searched miRBase to see whether other miRNAs have
similar structures to miR-203. miR-506 appears to have a similar sliding-bulge
structure around the Dicer processing site, which allows it to fold into two different
structures (Fig. 4C), although it is noteworthy that the sliding bulge in miR-506 is
not conserved. To determine whether the sliding bulge also causes alternative
Dicer processing similar to what we observed in miR-203, we made mutants with
fixed (not sliding) bulges (Fig. 4D). According to the small RNAs generated from
these constructs, pre-miR-506 was alternatively processed by Dicer at two sites
(Fig. 4D). Fixing the bulge in place caused Dicer to cleave predominantly at one
site (Fig. 4D). Northern blot results were consistent with the small RNA cloning
results (Fig. 4E). Thus, the sliding bulge also regulates alternative Dicer processing
in miR-506. It is noteworthy that the mutant cleavage sites did not correlate
precisely with the WT cleavage sites in miR-506, as we observed for miR-203. The
reason might be that the sliding bulge in WT miR-506 is not exactly localized at
the Dicer cleavage site, which is 1 nt away from the Dicer processing site, while
the sliding bulge in miR-203 is exactly localized at the Dicer processing site.
3. Discussion
Our study revealed a new mechanism in which isomiRs are generated by
alternative Dicer processing that is regulated by secondary structure. A conserved
sliding-bulge structure in miR-203 affects protein processing of RNA and regulates
alternative Dicer processing and therefore the generation of 5′-isomiRs, since
disrupting the bulge structure or fixing the bulge causes Dicer to cut predominantly
at different sites (Fig. 2 and Fig. 3). This kind of sliding bulge allows the RNAs to
fold into two different structures, which interact with protein differently. Thus, our
study has revealed a novel RNA structure that can regulate RNA–protein
interactions and is the mechanism behind 5′-isomiR generation in some miRNAs.
Considering the large number of RNAs in cells and that it is extremely easy to
generate this kind of structure—a single point mutation is sufficient—we believe
that the sliding bulge structure might also contribute to regulating other
protein–RNA interactions and should be taken into consideration generally when
studying protein–RNA interactions.
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Furthermore, we found more 5′-isomiRs that were generated by alternative Dicer
processing in mammalian cells, such as miR-140, 323, 363, and 409 (Fig. 1). Thus,
alternative Dicer processing appears to be a common mechanism for generating 5′-
isomiRs, although we did not find any sliding-bulge structures around the Dicer
processing site in these miRNAs. The reason for alternative Dicer processing of
these miRNAs therefore remains to be determined.
The effect of the sliding-bulge structure on Dicer processing can be visualized
using an in vitro Dicer-processing assay, which avoids the complication introduced
by in vivo processing steps, such as duplex unwinding and loading. Therefore, we
performed an in vitro Dicer cleavage assay for pre-miR-203 mutants disrupting the
single-nucleotide bulge and mutants with a fixed sliding bulge (Fig. 5A, B). Wild
type pre-miR-203 was processed to produce two predominant isomiRs of length 22
nt and 21 nt. Mutant miR-203 ΔA and miR-203 A1→C produced predominantly
the 21-nt isomiR, consistent with the in vivo result. However, the processing of the
other mutants appears to be quite different from the in vivo results (Fig. 5A, B).
Some other studies also suggested that in vitro Dicer processing assays using
purified Dicer might introduce a serious bias, such as Dicer cleavage at multiple
sites to generate multiple bands for many miRNAs (Lee and Doudna, 2012;
Starega-Roslan et al., 2011), which are likely cleaved by Dicer at one site, as
indicated by the mature miRNA sequences cloned from cells or animals. Thus, in
vitro Dicer processing might not always recapitulate Dicer processing in vivo.
Although our in vitro data was not fully consistent with the in vivo results, it does
suggest that the sliding bulge regulates Dicer processing.
For miRNAs generated from the 3′ arm of pre-miRNAs (3p-miRNAs), the 5′ ends
of the mature miRNAs are generated by Dicer processing. Multiple 5′-isomiRs for
3p-miRNAs usually indicates that Dicer cleaves at multiple sites, which can be
explained by two different mechanisms: (1) Alternative Drosha processing
[(Fig._5)TD$FIG]
Fig. 5. In vitro Dicer processing assay. pre-miRNAs were treated with recombinant Dicer protein and
visualized with northern blot. (A) miR-203 and its mutants from Fig. 2C. (B) miR-203 and its mutants
from Fig. 3C. Please see Fig. 11S-12S in the Supplementary Material for full blot images.
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generates multiple pre-miRNAs, which leads to Dicer cutting at multiple sites,
although Dicer might cut precisely at only one site for each pre-miRNA, as is the
case for miR-142 (Ma et al., 2013; Wu et al., 2009). (2) For some miRNAs, such as
miR-140, 203, 323, 363, and 409, multiple isomiRs were generated by alternative
Dicer processing of a single pre-miRNA that was generated by precise Drosha
cleavage. The key to distinguishing between these two mechanisms is finding a
method that can reliably determine the Drosha cleavage site. The 5′ end of mature
miRNAs generated from the 5′ arm of pre-miRNAs might be used to determine the
Drosha cleavage site; however, this approach might be misleading in some cases.
For example, there is only one mature miRNA for miR-136-5p, which might lead
one to assume that Drosha precisely cleaves at one site; however, judging from 5′-
moR sequences, which we showed previously are a more reliable resource for
determining Drosha cleavage sites (Ma et al., 2013), Drosha cleaves at two sites.
With this method using 5′-moR sequences to determine Drosha cleavage sites, we
correctly identified several 5′-isomiRs that were generated by alternative Dicer
processing.
It is interesting that the mature miRNA amount is significantly reduced in two
mutants of miR-203 (miR-203 A3→C and CA→GC; Fig. 2D and Table S1),
suggesting that the structures close to the Dicer processing site at the terminal
region are important for Dicer processing efficiency, which is consistent with a
previous study by Zhang et al., in which it was shown that the terminal loop region
is important for Dicer processing efficiency for pre-miRNAs (Zhang and Zeng,
2010). Our data also showed that the structures around the Dicer processing site are
important for Dicer processing accuracy, which is consistent with a previous study
by Gu et al., in which it was shown that the structure around terminal loop region is
important for the accuracy of Dicer processing of shRNAs (Gu et al., 2012). Thus,
collectively, these results suggest that the structure around the Dicer processing site
should be taken into consideration in designing shRNA for accurate and efficient
Dicer processing.
4. Materials and methods
4.1. Plasmids
All constructs, including pri-miRNA serial mutations, were designed as oligos and
inserted into pLL3.7 lentiviral vector at restriction sites HpaI and XhoI. The
inserted sequences are listed in Table S3.
4.2. Cell culture and transfection
293FT cells (Invitrogen) were cultured according to the supplier’s instructions.
Plasmid (0.8 μg) was transfected into 293FT cells that had been seeded into 24-
well plates at 2 × 105 cells/well the day before transfection. The small-RNA
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fraction was extracted 28 h later with the miRNeasy kit (Qiagen), as instructed by
the manufacturer.
4.3. Small-RNA cloning.
Small RNAs were cloned as described previously (Ma et al., 2013), in which we
have made major modifications to improve adaptor ligation efficiency and thereby
minimize cloning bias. Briefly, the small RNAs were purified with the miRNeasy
kit (Qiagen). Small RNA (50 ng) was ligated with 3′ and 5′ linkers (with barcode)
with a truncated form of T4 RNA ligase 2 (K227Q) at 25 °C for 3 h and T4 RNA
ligase 1 (NEB) at 37 °C for 1 h, successively, in a ligation buffer containing 17.5%
PEG and 10% DMSO. For pre-miRNA cloning, the incubation time for the second
ligation step was 5 h. The ligated small RNAs were reverse-transcribed and
amplified with the KAPA library amplification kit (KAPA Biosystems) for 10
cycles and the library sequenced using the Illumina HiSeq2000 or MiSeq
instruments. The deep-sequencing data were processed with in-house-developed
software. Note that for small RNAs to be efficiently cloned with the method
described here, the 5' phosphate and 3' hydroxyl groups must be preserved.
4.4. Northern blot
Small RNAs was extracted with the miRNeasy kit (Qiagen) from 293FT cells
transfected with the pLL3.7 vector harboring pri-miRNAs or mutants 28 h before.
Total small RNA (1.5 μg) was separated on a 15% TBE-UREA PAGE gel
(Invitrogen) and transferred onto a hybridization transfer membrane (GeneScreen
Plus, Perkin Elmer) in a semi-dry transfer cell (Trans Blot SD, BioRad). The
probes were synthesized as DNA or RNA oligos and labeled with γ-32P-ATP by
T4 PNK. The probe sequences are listed in Table S4. Hybridization was carried out
in 50 ml of hybridization solution at 50 °C overnight.
4.5. In vitro Dicer processing assay
The substrates for the in vitro Dicer cleavage assay were prepared according to
Ferre-D'Amare and Doudna et al. (Ferre-D'Amare and Doudna, 1996). A
hammerhead ribozyme and a VS ribozyme substrate were introduced to generate
pre-miRNAs with homogeneous ends by PCR (see Table S4 for primer sequences).
After transcribing with T7 polymerase (HiScribe, NEB), the 84-nt product was
PAGE purified and digested with VS ribozyme, then treated with T4 PNK (NEB,
USA) and again PAGE purified. The purified oligo (∼6 ng) was heated at 94 °C for
30 s and immediately chilled on ice to get a homogeneous solution of monomers
before using in assays with recombinant human Dicer (Genlantis, USA). The
products were visualized by northern blot.
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